of Abstract-Interaction of corrosion inhibitors with metal surfaces in acidic solutions was modelled by using a polynomial model based on the Langmuir adsorption isotherm. The curve-fitting procedure yielded a regression equation with a multiple correlation coeficient equal to 0.982. c: 1997 Elsevier Science Ltd
INTRODUCTION
Corrosion inhibitors form a protective layer on the metal surface. The layer may be monomolecular or it may be fairly thick-referred to as a 2 l/2 dimensional layer--consisting of the inhibitor and several compounds or ions. The inhibitors decrease the corrosion rate by various mechanisms: (I) the access of oxygen to the metal surface may be blocked; (2) the rate of dissolution of the protective layer on the metal surface may be reduced; (3) the dissolution of the metal may be blocked. The metal surface is polycrystalline and is covered by various oxidation products. Because of this complexity it is impossible to estimate the amount of adsorbed inhibitors by using parameters derived from monocrystalline experiments. The complexity of the inhibition process explains why statistical approaches were used in order to explain the variation of the efficiency of inhibition in terms of molecular parameters [l-7] . The derived equations were obtained by using the multiple linear regression analysis and are related to "fixed dose" corrosion inhibition.
It has been shown that the statistics may significantly be improved if instead of "fixed dose" efficiencies, figures related to multiple doses were considered, but for the latter investigations more complicated non-linear regression equations have to be derived [81.
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In a recent study [9] inhibition efficiencies of thiourea derivatives were investigated in terms of molecular parameters, assuming that the amount of inhibitor molecules adsorbed on the metal surface can be estimated by using the Langmuir adsorption isotherm. The adsorption constant was determined a posteriori by using a non-linear regression (curvefitting) technique, and it is an average of the different constants related to various crystalline faces and oxidation products on the surface.
In this paper we propose a mode1 that assumes that inhibition efficiency E is a function of the "coverage" n obtained by assuming a Langmuir isotherm. E was expanded in terms of A. The results indicated that the systematic deviation from the idea1 (45") straight line [9] disappears if the Langmuir isotherm was replaced by our "polynomial model" and the error sum of squares was about 60% of that obtained with the model based on the Langmuir isotherm.
METHOD
The experimental data related to the inhibition efficiency of thiourea and several of its derivatives, were taken from the literature [lo] and are listed in Table 1 . The efficiencies were measured in acidic solution on mild steel (UNS G10080 carbon steel). There are 65 experimentally determined efficiencies altogether.
All molecules (Table 1) belong to the same "parent structure".
The effect of the substituents and the dipole moment p. The area of the molecular surface S and the values of log P (where P denotes the n-octanol/ water partition coefficient) were computed by using another standard computer program [13] . Table 2 lists the actual molecular parameters used in the present investigation.
The Langmuir adsorption is a starting point for our model. Coverage ,4 is a function of the adsorption constant b and concentration c of the adsorbed compound:
Note that A indicates the coverage due to the Langmuir adsorption isotherm, the actual coverage will be denoted by 6. It was assumed that coverage is equal to the experimental efficiency of inhibition
The present postulate has been used-sometimes tacitly-many times and it may also be found in a textbook [14] , although coverage is not equivalent to inhibition efficiency.
The adsorption constant b is a (linear) function of the molecular parameters:
where X1, X1, . , xk denote k different molecular indices and Ar, AZ, , Ak are the regression coefficients and C is the intercept. b depends on the molecular structure and its properties alone, but it does not depend on the concentration. The right hand site of equation (3) 
Regression coefficients Al, AZ, . . , Ak and C can be obtained from known efficiencies (coverages) and the related concentrations c. A Langmuir type function is valid only if adsorption takes place on a well defined smooth surface, a condition which is not fulfilled in partly corroded, polycrystalline, and rough metal surfaces. Therefore the calculated regression coefficients are associated with this rather "non-ideal" surface.
If experimental efficiencies and the corresponding concentrations are known, the regression parameters can (see below) be obtained, provided that the number of experiments is much higher than the number of unknown parameters [8, 91. We have assumed that a fourth order polynomial in terms of A is sufficient to approximate E. The function has the following features; 1. If A = 0 then E = 0, 2. If A = 1 then E = 1. The following polynomial takes these restrictions into account: (5) where B,, B2 and B3 are regression coefficients that have to be determined from experimental data. There are k + 4 regression coefficients to be determined (Al, AZ, , Ak, C, BI, B2 and B3). The degrees of freedom (ie number of experimental data minus the number of parameters obtained through the fitting procedure) is equal to N-k -1 in the case where a Langmuir isotherm type function is fitted and it is equal to N -k -4, if a polynomial type function is fitted.
The curve fitting procedure was done in two steps. First the regression coefficients were obtained by using the Simplex technique [15] , which is not very sensitive to the starting values of the parameters. This step was followed by a second curve fitting procedure using the gradient technique [16] . The results of the Simplex calculation were used as starting values of the gradient method. The reason for the second procedure was to obtain the errors of the regression coefficients, which could not be obtained by using the Simplex technique alone.
RESULTS
The best regression equation the "Langmuir coverages" was: 
where R denotes the multiple correlation coefficient and N is the total number of experimental efficiencies. The errors of the regression coefficients are as follows (the respective regression coefficients are listed once more in parentheses for the sake of clarity): &6900 (43678), k27 (250), +8209 (-65671).
All regression coefficients were significant at the p < 0.01 level, where p denotes the level of significance [17] . The experimental and calculated efficiencies are shown in Fig. 1 . Note the systematic deviation from the ideal (45") straight line, which reflects the insufficiency of the Langmuir model. The results of other, less successful attempts are summarized in Table 3 . Only the independent variables and the multiple correlation coefficients were listed for the sake of brevity. (6)) and experimental efficien- Fig. 2 . Estimated (equations (7) and (8)) and experimental cies of thiourea derivatives.
efficiencies of thiourea derivatives. 
and the errors of the regression coefficients are (listed in the same manner as in equation (6)): +39 (347), kl954 (-13854) and f8790 (-74486). Again the polynomial approach yielded nearly as good results as found by using variables ~~~~~ and S in equation (7 and8). 
and the respective errors are: k83 (410), k3388 (-16282), kl7838 (-87994), f0.36 (1.73), f2.03 (-6.20) and f3.08 (11.52). Although both S and log P were found to yield positive correlation coefficients when used as an independent variable in equation (4) , the coefficient of log P is negative in equation (9) because of the interrelatedness between S and log P.
DISCUSSION
Both the Langmuir type function (equation (6)) and the polynomial type function (equation (7 and8)) seem to account for the variation in the experimental data in terms of molecular indices adequately, because the correlation coefficients and the regression coefficients were rather significant (p < 0.01). There is, however, a substantial difference in the error sum of squares (ie the deviation of the estimated values from the actual values), its value per degrees of freedom is equal to 0.0066 for equation (6) and 0.0041 for equations (7) and (8) . The series expansion in terms of n also removed the systematic alteration (Figs 1 and 2 ) of the estimated values obtained through equation (6) . From these results we conclude that a Langmuir type function accounts only approximately for the adsorption of the inhibitors onto the partially corroded metal surfaces. Nevertheless it may be used in the polynomial model proposed in this paper.
From equation (7) we can see that increasing values of the energies of the lowest unoccupied orbitals favor inhibition, since the regression coefficient is positive. This result means that charge transfer from the metal surface to the inhibitor molecules impairs efficiency. Increasing the area of the molecular surface enhances efficiency. This conclusion is not in accordance with the results of Arvia et al. [18] , who found that on rough surfaces more voluminous ligands tend to cover a lower portion of the surface because of the "exclusion volume effects". This means that increasing the roughness of the adsorbent causes more voluminous molecules (and therefore molecules with a larger surface area) to have less access to the surface because the molecules cannot enter the small cavities on this surface. Our results might indicate that in this series of thiourea derivatives the molecules are too small to produce the "exclusion volume effect".
The same conclusion may be drawn from equation (10) . Increasing the molecular surface favors inhibition, whereas larger values of the partition coefficients might decrease efficiency.
The present model is clearly insufficient if there are retardation effects, ie at low concentrations efficiency does not increase with increasing concentration of the inhibitor. Retardation has not been observed with the experiments used in this study. If retardation appears, the model will have to be changed to take this phenomenon into account. The results may be used to predict the efficiency of new, and even as yet not synthesized, thiourea derivatives.
